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ABSTRACT 
A low-range bio-compatible pressure sensor based on P(VDF-TrFE) piezoelectric 
resonance has been tested and integrated to a wireless platform. Many critical 
physiological applications and in-vivo diagnosis require highly sensitive pressure 
monitoring in the 0-100kPa range, with negligible long-term drift and robust 
integration platform. The PVDF film and its copolymers exhibit significant 
piezoelectric properties after poling. P(VDF-TrFE) is preferred for its flexible film 
structure, low modulus, high yield strength and resistance to corrosive chemicals. All 
piezoelectric materials are lossy and thus the leakage current will cause drift of 
instantaneous response, which limits the direct use of piezoelectric charges in sensing. 
In this paper, the pressure sensor which adopts the appropriate properties of P(VDF-
TrFE) for low pressure levels, works as an acoustic wave resonator to avoid long-term 
drift from the charge leakage problem in quasi-static pressure, while maintaining good 
sensitivity. Simulation results show good agreement with the measurement data. The 
temperature coefficient and the areal scaling effect are characterized. Furthermore, the 
sensor output is matched with standard 50  impedance at the resonance for 
integration into the RF circuits. A passive sensor tag is demonstrated by using RF 
backscattering. 
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CHAPTER 1 
INTRODUCTION 
With the development of modern techniques, low-range pressure sensing now has 
many critical applications in biomedical devices and human-machine interface 
equipment. The market keeps increasing rapidly and the demand for high sensitivity in 
the low pressure range, negligible long-term drift and robust integration platform 
requires a lot of dedicated efforts in this area. Many research groups have explored 
different design methods and a large number of results on the low-range pressure 
sensor have been published. 
The MEMS-based capacitive pressure sensor has already been demonstrated in 
many applications. It usually consists of a variable diaphragm-substrate capacitor, two 
electrodes on both top and bottom surfaces of the capacitor, and a reference pressure 
cavity. The diaphragm deflects when exposed at different pressure between reference 
and the volume under investigation, which causes capacitance change. The authors 
explained the fabrication process of capacitive pressure sensor using silicon integrated 
circuit technology in [1]. Further improvement on sensor fabrication and performance 
are discussed in [2-4]. In [5], the pressure sensor is integrated into a specifically 
designed micro-system, which includes both data acquisition and data processing 
modules. However, in-vivo pressure sensing requires mechanical robustness and the 
capacitive pressure sensor is usually kind of fragile due to the thin membrane structure 
and requires complex. The requirement for reference pressure also brings difficulty for 
the sensor assembly and packaging. The rubber-based capacitive pressure sensor 
improves on resistance to environmental shock or vibration, but has the rubber 
material aging concern [6], which is not suitable for human implantation. The 
piezoresistive materials exhibit resistance variation due to applied stress. However, the 
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piezoresistive pressure sensor is limited for its low sensitivity [7] in this pressure 
range. 
For sensors based on piezoelectric materials, the application of stress on the 
material results in dipole charge formation and electrical potential difference on the 
surfaces, which is called piezoelectric effect. A variety of tactile sensors have been 
made based on this effect [8-10]. However, these sensors can only monitor 
instantaneous stress change. In consideration of the long-term operation, all of the 
piezoelectric materials are electrically lossy. If the applied stress is static or at very 
low-frequency, the piezoelectric charges will decay gradually because of the non-zero 
conductivity of the materials [11-13], and the important transducing information 
cannot be recovered. To avoid the long-term drift by the leakage current, the 
piezoelectric resonators in the thickness mode are often chosen as the sensing element. 
Piezoelectric materials stimulated by external AC power resonate at a particular 
resonance frequency, which is determined by the material physical properties. The 
resonance frequency and the quality factor will decrease under the mass or fluid 
loading effect [14]. The resonance frequency shift is the indication of the applied 
stress change. However, this is difficult for low-range pressure sensing if the modulus 
of the used material is high.  
Polyvinylidene fluoride (PVDF) and its copolymers have very low modulus 
among all the piezoelectric materials. Some published works have discussed the 
possibility of using PVDF as pressure sensor. In [15], the PVDF film has been used in 
a static force sensor, and a mechanical model has been derived. Poly(vinylidene 
fluoride – trifluoroethylene) (P(VDF-TrFE)) is one of its most commonly-used 
copolymers, which is preferred for its high charge constant, flexible film structure, low 
modulus, high yield strength and resistance to corrosive chemicals.  
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In our experiment setup, the poled 50µm±1µm thickness P(VDF-TrFE) 
copolymer film as the transducing material has been sputtered gold on both top and 
bottom layers for electrodes. The scanning electron microscopy (SEM) of the film 
cross-section is shown in Figure 1.  
 
 
 
Figure 1: SEM of P(VDF-TrFE) piezoelectric film in a cross-section view. 
The mobile biomedical diagnostic device often needs wireless transmission. In 
[16], the standard on-chip analog-digital converter (ADC), voltage controlled 
oscillator (VCO) and digital modulators/demodulators were employed in the data link. 
The sensor analog outputs are first converted to digital forms by ADC, which are sent 
out through RF transmitter. These complex circuits consume significant chip areas and 
the ADCs are usually very power-hungry. Designs that use a battery are difficult to 
miniaturize to maintain the long-term operation. An alternative approach is to use a 
RF-DC converter to collect power from electromagnetic fields and a large off-chip 
capacitor to store energy. However, the sensor system size will still be significant. To 
overcome these problems, we employ the RF-backscatter scheme as a passive sensor 
tag. The pressure sensor is modified to match with standard 50  impedance at the 
resonance for integration.  
In this thesis, we explored the pressure sensor properties in fluidic environment 
and used an equivalent circuit model for guiding the design process in Chapter 2. The 
circuit model matched well with the measurements. In Chapter 2, a variety of pressure 
sensor measurements have been performed. The areal scaling was performed and was 
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found to have minimal effects on sensitivity. The temperature coefficient of resonance 
frequency was also characterized. The pressure sensor wireless transmission is also 
discussed. The conclusion and future work is briefly discussed in Chapter 3. 
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CHAPTER 2 
P(VDF-TRFE) PIEZOELECTRIC PRESSURE SENSOR MODELING AND 
MEASUREMENT  
2.1 Theory 
When a mechanical stress is applied, the piezoelectric material produces an electric 
dipole. Conversely, a mechanical deformation is produced when an electric field is 
applied to the material. Under exposure to an AC electric field, the piezoelectric 
element changes its dimensions periodically at the cycling frequency of the field. At 
the resonance frequency the piezoelectric element converts the input electrical energy 
into mechanical energy most efficiently. 
The piezoelectric behavior can be characterized by the equivalent circuit of the 
Butterworth-Van Dyke (BVD) model [17-26] in Figure 2. C1, L1 and R1 known as the 
"the mechanical arm", describe the mechanical vibrations resulting from the 
piezoelectric effect with a finite quality factor. C0 represents the bulk capacitance due 
to the electrodes affixed to the P(VDF-TrFE) film, which is also called ‘shunt’ 
capacitance. R0 accounts for the bulk resistance across the film. Lp and Rp are the 
parasitic from the packaging pads. In our setup, Lp dominates the parasitic while Rp is 
almost negligible. 
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Figure 2: The modified BVD equivalent circuit model including parasitics for the 
piezoelectric resonator. L1 and R1 account for the fluid loading effect on the sensor. 
As the frequency of the electrical field increases, the resonator impedance first 
approaches a minimum value (maximum admittance). This frequency is called the 
series resonance frequency s, which is controlled by the motional branch C1, L1 and 
R1 and is determined by the properties of the piezoelectric material and the physical 
dimensions. Generally for the thickness mode, a thicker element has a lower resonance 
frequency. As the frequency is further increased, impedance increases to a maximum 
(minimum admittance). The maximum impedance frequency is named as the parallel 
resonance frequency p. Both s and p are located at the frequencies where the first 
derivatives of the impedance magnitude equal to zero.  
When the film is in contact with fluid, it will generate acoustic waves into the 
fluid and cause the acoustic energy to radiate away. The viscosity and pressure 
coupling of the surrounding medium results in the decrease of both the resonance 
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frequency s and quality factor Q. L2 and R2 are included in the BVD model to 
account for this loading effect.  
When all the parameters and geometry sizes are known, the resonator can be 
characterized by the physical equations in Table 1 where ɛr is the relative dielectric 
constant, A is the film area, K0 is the electromechanical coupling factor, n is the 
harmonic order, h is the film thickness, Ep is the effective elastic modulus, ρq is the 
film density, η is the viscosity of contacting fluid, ρ is the fluid density, and ηq is the 
effective film viscosity. 
Table 1: BVD model parameter equations. 
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Initial values for L1 and C1 can be calculated by equations in Table 1 and 
material constants in Table 2. The exact fitting values are obtained by curve fitting 
using simulated annealing. The fitting parameter values are also listed in Table 2 [15]. 
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Table 2: Typical material constant values and fitting parameters for the BVD model. 
s ρq K0 ɛr Ep 
1.388108 
rad/s 
1.86103 
kg/m3 11% 12 9.1GPa 
h C1 L1 R1 n 
50 µm 1.34 pF 38.43 µH 415  1 
The most sensitive frequency point i lies between s and p. Equation 1 
describes the resonator impedance without the parasitic. As R0 is very large and 
invariable to frequency, it is reasonable to ignore it here. Equations 2 and 3 show the 
s and p expressions when neglecting the influence of R1 on resonance frequency. i 
is approximately the mean of 1 and 2. The analytical solution of i in Equation 4 
can help design better signal processing blocks for the sensor.   
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To verify the BVD model, a 1cm by 1.5cm area P(VDF-TrFE) film is taken as the 
sample for experiment. The lead wires are connected to pressure sensor with 
conductive epoxy. The impedance measurement in the atmosphere pressure (101kPa at 
room temperature) is done by an impedance analyzer HP4194A and compared with 
the simulation results from the BVD model. Good agreement has been achieved as 
shown in Figure 3. Due to the large resistive loss by R1, the P(VDF-TrFE) film 
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resonator is a low-Q resonator [27], which is manifestly below 15 in the measurement. 
As a tradeoff, materials which have higher quality factor such as Aluminum Nitride or 
PZT [28] have larger elastic modulus, which are not sensitive enough in the pressure 
range we are interested in. 
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Figure 3: Sensor impedance magnitude and phase comparison between measurement 
and simulation. The measurement is done under atmosphere pressure. 
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2.2 Impedance measurement 
The pressure test was performed in a vacuum chamber. Figure 4 illustrates the setup. 
The pressure sensor is mounted inside the chamber and the lead wires go through the 
chamber lid via holes sealed with silicone. A vacuum pump connected with the 
chamber controls the air pressure level of inside environment. The sensor impedance 
characteristic was monitored by the impedance analyzer.  
 
Figure 4: Pressure sensor experiment setup. 
Figure 5 shows how the impedance real and imaginary parts change under different 
pressure. The measurement accuracy (error rate) is ±5kPa per point. This accuracy is 
presently limited by the impedance analyzer resolution.  
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Figure 5: The measured sensor impedance magnitude and phase under various 
pressure levels. 
 
Based on the BVD model, the extracted values of L2 from measurement are 
close to the calculated results using equations in Table 1, as shown in Figure 6. We 
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can observe that L2 is proportional to the square root of the compressible fluid density, 
which is directly related to the pressure. 
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Figure 6: The relation between L2 and air pressure. By equation in Table 1, L2 is 
proportional to the square root of air pressure. 
 
2.3 The scaling effect 
The scaling effect of the sensor has also been studied in our experiment. The film 
thickness is kept at 50µm and the lateral dimension is decreased gradually. The 
geometry sizes of the sensor film that are tested range from 1cm by 1.5cm down to 
25mm by 38mm. The resonance frequency shift under pressure is recorded with 5 
different sizes to track the sensitivity. The test results in Figure 7 show that the 
variation of lateral size has negligible effects on the pressure sensitivity. As the 
resonance frequency is mainly determined by the thickness of the film for the 
thickness mode, unless the length or width of the film is comparable to the thickness. 
The scaling test illustrated that direct integration on silicon chip is feasible. From 
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Figure 7, we can also observe that the sensitivity gradually saturates as the pressure 
increases, which has been reported by [17]. 
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Figure 7: Geometrical scaling effect of P(VDF-TrFE) film lateral dimensions on 
pressure sensor sensitivity (16x refers to area). The measurement data shows that the 
sensitivity has little variations. 
 
2.4 The temperature drift 
The temperature drift characteristic of pressure sensor is a very important parameter. 
For human body pressure measurement, the temperature range is relatively stable 
around 37±0.50C. The variation is almost negligible when people are in healthy status 
(as well as for mammals in veterinary monitoring). We extend the temperature 
measurement range to calculate the temperature shift coefficient. The temperature 
measurement data will also be useful for compensation in vitro sensing. The vacuum 
chamber is heated by a heat gun to control the temperature varying from 230C to 460C. 
The measured temperature drift characteristic is shown in Figure 8, where the 
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resonance frequency decreases as the temperature increases. The curve fitting reveals 
that the resonance frequency is almost linearly dependent on the temperature. The 
fluid viscosity η has a strong dependence on temperature, which will affect the L2 term 
besides the air pressure.  
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Figure 8: The temperature drift characteristic of sensor resonance frequency. 
In applications with large temperature variations, compensation to the 
temperature shift will require an independent temperature sensor to calibrate the 
readout at the post-processing stage. Differential measurement could also help to 
eliminate the temperature effect. Two identical sensors can be assembled, and pressure 
is applied on one of them and the other one free standing. Both of them are exposed in 
the environment with the same temperature. The differential readout will cancel out 
the temperature drift. 
2.5 Wireless transmission 
Starting with the simulation results and extracted parameters from the BVD model, the 
sensor is impedance matched with the standard 50 ohm resistance at the resonance on 
the customized PCB to integrate with the RF circuits. The customized PCB is a single 
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layer printed circuit board. The P(VDF-TrFE) film is attached on the top surface of 
PCB by epoxy. Multiple SMT soldering pads in series / parallel connection with the 
film are provided on the PCB. A 26 ohm resistor and a 10nH inductor in series 
connection with the P(VDF-TrFE) film are used for impedance match with 50 ohm at 
the resonance frequency. A SMA connector is built on the board edge to connect with 
the network analyzer. The PCB here is designed only for experimental verification 
purpose, not for eventual application packaging, where a custom design would be 
necessary. 
As shown in Figure 5, the ambient pressure causes impedance change and 
resonance frequency shift. Thus the S11 parameters at the input port of the sensor will 
reflect the pressure as well. Figures 9 shows the measured S11 phase and magnitude 
shift with pressure. The measurement is done by the network analyzer Agilent 
E8364B. 
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Figure 9: Measured S11 magnitude and phase of the pressure sensor after impedance 
compensation. 
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Figure 9 (Continued) 
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In [29-31], it was demonstrated that the reflected signal frequency or time 
domain information changes with S11. By modulating the S11 magnitude or phase, 
pressure information can be effectively transmitted through the RF signal. From the 
measurements in Figure 9, it is possible to use a single test frequency for the wireless 
sensing, where the most sensitivity by S11 loss or phase shift can be achieved at the 
unloaded resonant frequency around 22MHz. The amplitude coding is more 
vulnerable to the ambient reflection. A broadband signal transmission can then be 
preferred. The reader in the present setup uses only one antenna for the data 
transmission operation. First, a broadband pulse wave is generated and transmitted by 
the reader antenna to the antenna connected with the pressure sensor tag. The pulse 
signal should have a flat spectrum profile at least in the frequency range of 
22±0.5MHz. A Gaussian function or Sinc function pulse with less than 40ns duration 
would satisfy this condition. Part of the transmitted power could be received by the 
sensor tag antenna. Due to the impedance mismatch between sensor and sensor tag 
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antenna, the backscattered power is re-radiated by the sensor tag antenna. Then the 
backscattered pulse signal from the sensor tag, which is determined by the S11, will be 
captured by the reader antenna. By comparing the Power Spectrum Density (PSD) 
transmitted and received by the reader antenna, we can readily retrieve the sensor 
impedance information. This is a classical RFID backscattering setup. The wireless 
transmission scheme is illustrated in Figure 10.  
 
 
 
Figure 10: Wireless transmission scheme for the passive pressure sensor tag. 
RF system-level simulation is done to verify this protocol. The signal 
transmission is simulated in Cadence with the SPICE models [32-33]. The signal PSD 
at the reader antenna is shown in Figure 11. The simulation results demonstrate the 
possible application of our pressure sensor in the passive telemetry system.  
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Figure 11: Demonstration of sensor wireless transmission by the received PSD at the 
reader. The input power to the sensor antenna is at 100µW. 
The power Pa collected by the sensor tag antenna is defined by the product of 
the power density of the electromagnetic wave incident to the sensor tag antenna in the 
free space and the antenna effective area [34]: 
e
r
dtransmittea Ad
GPP 24                                                         (5) 
Where Ptransmitted is the transmitted power by reader antenna, Gr is the gain of the 
reader antenna, and d is the distance from reader to the sensor tag, Ae is the effective 
area of the antenna given by 
se GA 

4
2
                                                                   (6) 
Where λ is the electromagnetic wavelength, Gs is the gain of the sensor tag antenna. 
The power re-radiated by the sensor tag in the direction of reader can be found by 
saloadradiatedre GPP                                                            (7) 
Where the factor δload is given by 
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Where Ra is the antenna characteristic impedance, Zload is the sensor load impedance. 
δload defines the ratio of sensor tag backscattered power to the collected power, which 
reflects the influence of the tag load impedance on the re-radiated power.  
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Where C is the traveling speed of electromagnetic wave, Preceived is the power received 
by the reader antenna from the sensor tag antenna backscattered energy.  
The power loss can be characterized by the ratio 
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The equation above describes how the free space loss, distance variation and 
frequency would affect the backscattered power received by the reader antenna. From 
reference [35], the antenna bandwidth can be more than 50% or even 100% of the 
center frequency, which is more than sufficient for us. And during the data 
transmission, the location of reader and sensor tag are fixed. We assume δload is 
relatively constant when we are considering the transmission loss.  The loss mainly 
depends on the frequency change.  
The sensor resonance frequency is around 22MHz, and the change range is 
typically within 0.1MHz. Figure 12 illustrates how the loss changes within the 
frequency range from 21MHz to 23MHz (20MHz is selected as 0dB reference point). 
The transmission loss is negligible within the 22±0.1MHz frequency range according 
to Figure 12. The pressure sensor impedance information could be transmitted with 
little distortion. 
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Figure 12: RF signal free-space transmission loss. 
2.6 Long-term stability 
In embedded applications, the sensor stability over a long time is critical. The body 
implantation makes it very difficult to re-calibrate the sensor readout. To monitor the 
readout stability, the long-term weight loading experiment is performed. We use the 
experiment setup in Figure 13. The weight loads are placed on top of the film to apply 
long-term stable stress.  
 
Figure 13: Pressure sensor structure with the P(VDF-TrFE) film. 
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A function generator is connected to the resonator film to supply sinusoid 
stimulus signals near the third harmonic frequency, and an oscilloscope records the 
averaged RMS voltage across the film in Figure 14. With the help of the modified 
BVD circuit model, we choose the appropriate series capacitance to enhance the 
sensitivity, which involves the electromechanical coupling of electrical capacitance 
and the piezoelectric material. Basically the capacitance should be much smaller than 
C0, usually 1/10, which help boost the resonance. The capacitance value may vary 
with the film size and the test equipment.  
 
Figure 14: The schematic for measurement. The oscilloscope provides the 
measurement data. 
At room temperature, the sensor long-term drift behavior is monitored and 
shows good stability. The 13-day long stability measurement in Figure 15 shows 
negligible drift.  
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Figure 15: The long-term stability monitored by the RMS voltage reading near 
resonance. 
The small variation possibly comes from the floor vibration. The measurement 
results can be further improved if better mechanical isolation can be achieved during 
the experiment. A better sensor packaging design will also help the measurement 
stability. 
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CHAPTER 3 
CONCLUSION AND FUTURE WORK 
In this thesis, we have developed a low-range P(VDF-TrFE) copolymer piezoelectric 
resonance pressure sensor. The BVD equivalent circuit model is used to explain the 
sensor resonance properties. The calculated results from the model are close to the 
actual values and can help extract important parameters from a given sensor 
specification. The proposed sensor exhibits good sensitivity. The lateral-dimension 
scaling experiment shows the further miniaturization is feasible. The temperature drift 
characteristic is studied. The S11 measurement illustrates a possible solution for 
integration with a passive RF tag. 
The low-range pressure sensor will have a lot of applications in many areas. To 
be compatible with different sensing environment, special packaging is needed for the 
sensor. For human implantation, the pressure sensor can be mounted on the tip of the 
catheter. The P(VDF-TrFE) film has the advantage of flexibility, which makes it 
possible to be fit into any space. 
The sensor miniaturization should be further continued following the guide of 
equivalent circuit model. However, with the scaling down of the film areal size, the 
difficulty of bonding lead wires to the film surfaces also increases significantly.  One 
of the possible solutions is to add the lead wires when depositing the Au/Pt electrode 
layer.  
Temperature compensation can be done either locally or at the reader side. A 
dummy pressure sensor identical to the functioning pressure sensor can be placed 
nearby. The dummy sensor would stand free but experiencing the same temperature 
with the functioning sensor. Differential measurement will eliminate the temperature 
drift effect with the help of dummy sensor. People can also design a look-up table for 
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the temperature characteristics. The sensor readout data can be calibrated by the look-
up table data.  
The current problem for the sensor application in liquid environment is the 
serious damping of resonance peak. The acoustic impedance of P(VDF-TrFE) is very 
close to that of water. Most of the acoustic energy from the piezoelectric resonator 
radiates into the surrounding medium, which causes the energy loss. To overcome this 
problem, a buffer layer between P(VDF-TrFE) and liquid could be used to increase the 
energy reflection at the layer interface. Then the majority of acoustic energy is kept 
within the resonator and the quality factor is improved. 
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